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(Director : Prof. Dr. HAJIME HANDA) 
Human intracranial (vertebral and basilar) and extracranial (internal and common 
carotid, and vertebral) arteries were studied under passive and active conditions of smooth 
muscle component. Intracranial vertebral arteries subjected to subarachnoid hemorrhage 
were also employed to study the mechanics of cerebral vasospasm. Stiffness parameter （β）， 
incremental elastic modulus (Einc), wall thickness ratio (T /Ri), tangential wall stress (o-) 
and tangential mid-wall strain （εm) were calculated from the pressure-diameter relations 
observed in the pressure elevating process, which are given by the following equations : 
ln(Pi/Ps) ＝β（Ro/Rs-1), 
Einc =2 (1 〆） (JPi/ JRo)Ri2R。／CR。z_Riz),






where Pi is the intraluminal pressure, Ro the external radius, Ri the internal radius and 
Rs the external radius at the standard pressure, Ps (Ps = lOOmmHg). r。andr; are the exter-
nal and internal radii at OmmHg, respectively, under the passive condition of smooth muscle 
component. Poisson’s ratio is denoted by ν，which is estimated to be 0. 5 according to the 
assumption of wall incompressibility. 
The pressure-radius relations were expressed by equation (1) with extremely high cor-
relation coefficients Cr>O. 98) in the pressure range between 60 and 180 mmHg. While the 
incremental elastic modulus represents the elastic properties inherent to wall material, the 
stiffness parameter，β，expresses the indistensibility of a tubular segment comprehensively, 
including both wall dimensions such as wall radius and thickness (T) and elastic modulus 
Key words Biornechanics, Cerebral aneurysm, Cerebral vasospasm, Elastic modulus, Vascular smooth 
muscle. 
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like Einc. These two parameters are convertible into each other by the following equation 
at th巴 intraluminalpressure of around 100 mmHg : 
β＝（Ro Ri) Einc/0. 75P;R;. (5) 
The results obtained are : 
1. The value of stiffness parameter （β） increases with age, which is well known as 
“sclerosis”. However, there exists a considerable difference between the intracranial and 
extracranial arteries in the aging change of wall stiffness. The extracranial arteries are 
relatively distensible (low β四value)with litle change in the wall stiffness under 40 years of 
age. On the contrary, the intracranial arteries are already stif at birth and increase their 
wall stiffness gradually after birth, which results in a large difference of wall stiffness bet-
ween the intracranial and extracranial arteries in the middle age. From the biomechanical 
point of views, these specific features found in the intracranial arteries correspond well 
with the common occurrence of cerebral arterial aneurysms not only in the elderly but 
also in the middle aged persons. 
2. The intracranial arteries under 45 years of age have significantly high tangential 
wall stress （σ） , two to three times higher than the extracranial ones. The stresses of both 
intracranial and extracranial arteries over 45 years converge to almost the same range of 
value. There might be some stress-sensitive mechanism in vascular walls which changes 
their wall thickness so as to sustain a similar low value of wall stress after aging. 
3. The intracranial arteries uner 45 years of age have tremendously higher value of 
incremental elastic modulus (Einc) than the extracranial arteries of the same age, and 
decrease the value largely with age. The extracranial arteries show almost no change of 
their moduli throughout al ages. The development of“sclerosis" in the intracranial arteries 
is not attributable to their increase of elastic modulus but to their remarkable thickening 
of wall with age. As a matter of fact, the elastic modulus of the intracranial arteries 
decreases with age, which is compensated by the marked thickening of wall. 
4. These arteries manifest vaso-constriction by the activation with KCl 50 mM. The 
pressure-diameter curves become biphasic and have sharp flexion, termed flexion points, at 
around 20-30 mmHg. The wall is very stif and has high elastic modulus below the flexion 
point, while above the flexion point, the wall becomes very distensible, having fairly decreased 
elastic modulus. The appearance of the flexion point is possibly attributable to the compressive 
stress developed in the connective tissue by the contracted smooth muscle. 
5. The maximum diameter response of the intracranial vertebral artery is significantly 
higher than those of the extracranial arteries, while there is no significant difference in 
the maximum active stresses between these two groups of arteri巴s. There should be some 
mechanism by which the vascular smooth muscle works more efficiently in producing 
constriction in the intracranial artery than in the extracranial one. 
6. The intracranial vertebral artery subjected to the subarachnoid hemorrhage mani-
fests a tremendous vaso-constriction and has a flexion point at the intraluminal pressure as 
high as 181. 3土9.6 mmHg. The existence of the flexion point at high pressure level in the 
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case of subarachnoid hemorrhage is considered to be an important mechanical feature in 
the development and treatment of the cerebral ischemia produced by the vasospasm. 
7. The induced hypertension might be effective to improve the cerebral ischemia due 




























































査外椎骨動脈 CVA(i), V A(e））それぞれ18,10標本，
内頚動脈 (ICA)8標本，および総頚動脈（CCA)17 
標本を円筒状試料として摘出した．出l検例の年齢構成
はO～5歳： 1例， 6～15歳： 1例， 16～25歳： 3
例， 26～35歳： l例， 36～45歳： 3例， 46～55歳： 7








Krebs-Ringer液ホ・ NaCl 115. 3rnM, KC! 4. 6rnM, 
CaC12 2. 3rnM, MgS04 1. lrnM, NaHCOa 2. 1 
rnM, KH2P04 1. lrnM, glucose 7. 8rnM. 
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と略す〕を満たした tissuebath中に摘出前につけた した変位計を用いた2) 2本のアームで試料血管をは
点列を指標にして生体中の長さになるように固定し さみ，両者のなす角度から血管外径を計測するように







Gas cylinder nisnlocement Disolacement meter 
[95。／02+5°/0C02
Heater 
Constant temperature bath 
Mutual inductance tra「1sformer
Mounting block . 
Adjustable ring/ ノ〆
Stain less steel G「m/
Tゆularspec1meci"' 
Fig. 1 Schematic view of the testing apparatus and the detail of the displacement transducer. 
（昭和55年9月）
NaCl 溶液〉で十分に洗浄し，この溶液を tissuebath 
lζ満たして血管内圧 lOOmmHg負荷下に少なくとも
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Pressure Pi (mmHg) 
Schematic representation of the methods utilized to evaluate the effects of vascular 
smooth muscle activation. (A) Basic pressure diameter curves under passive and 
active conditions of vascular smooth muscle, represented by the solid and broken 
lines, respectively. (B〕Linearrelations between ln (Pi/Ps) and Ro/Rs under the 
passive (solid line) and active (broken line) conditions, whose slopes give ,8-values. 
(C) Relation between tangential wall stress and external diameter under the passive 
(solid line) and active (broken line) conditions. Active stress (dotted line) is the 
stress difference between these two conditions. 〔D)Relation between diameter 
response and intraluminal pressure, the former of which is the ratio of the mid-wall 
diameter difference between the passive and active conditions to the diameter under 
the passive condition. 






















は Ps= lOOmmHgとした〕 lζ対する比（pressure
ratio : Pi/Ps）の対数値と，基準内圧（Ps）時の外半
径 Rslζ対する各内圧（Pi）時の外半径 Roの比
(distension ratio : Ro/Rs）との関係を調べた．両者
の聞には Fig.2B lζ示すように， 60mmHgから 180
mm Hgまでの生理的内圧範囲では，高い相関関係
(r) 0. 98〕をもって直線関係が成立する ζとを見出し
た． ζの関係は



























tial mid-wall strain ．ε心を次式で計算した23,58>,
σ＝ PiRi/(Ro-Ri〕（4)


































































































































Change in stiffness parameter, (1, with 
age, expressed as means ± SE in every 
ten years of age. V A(i) = intracranial 
and VA (e) = extracranial vertebral 
artery ; BA = basilar artery ; CCA = 
common carotid artery ; !CA = inter・ 
nal carotid artery. 
40 50 
Age 
30 2'.) 10 
Fig. 3 
Relative change in (1-values by the 
smooth muscle activation, tl.(1/戸，and
intraluminal pressure, Pi, at the 
flexion points CF point) expressed 
as means ± SE. 
Table 1 






25. 6±7. 9 
32. 8±2. 9 
24. 0±2.1 
21. 0±4. 8 
tl.(1/戸






























































































































































































































Change in diameter response by pressure. Some values of diameter 





































































r、LVo 1 2 3 4 5 
Maximum Active Stressσ帽 X
6 7 
(g/mrn2) 
Fig. 6 Maximum diameter response versus 
maximum active stress of four kinds 




Fig. 7 Examples of pressure-diameter curves of the intracranial vertebral arteries obtained 
from the cases of brain tumor (Control) and subarachnoid hemorrhage (SAH). 
Solid lines are for the passive condition of smooth muscle component in saline 
solution, while dotted lines are for the active condition with KC! 50 mM. 
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Table 2 .B-values of the intracranial vertebral arteries over 45 years of age under the passive 
and active conditions (means土 SE).Intraluminal pressure, Pi, tangential wall stress, 
<J, at the flexion point (F point) and incremental elastic modulus, Einc, at 100 mmHg 
are also shown as means ± SE . 
.B-value I Pi at F po川｜ σatF point I Einc at 100 I (mmlig) I (g/mm2) I mmHg(g/mm2〕
13. 7土 1.3 72.1± 9. 2 Passive Condition 












ぞれ対照群では 22.7 mmHg, 0. 32 g/mm2，クモ膜下


























22. 7±6. 5 0. 32±0.10 16.9士 2.4

















-0.3 -0.2 -0.1 0 0.1 0.2 0.3 
Tangential Mid-W1αll Strainεm 
Fig. 8 Tangent同lwall str田sversus tangential 
mid-wall strain of the intracranial 
vertebral arteries under the passive 
condition (solid line), and the active 
conditions of the control arteries (bro・
ken line〕andof the arteries subjected 
to subarachnoid hemorrhage (dotted 
line). The values at 0, 50, 100, 150 and 



























Fig. 9 Change in diameter response with intraluminal pressure in the control arteries 
and the arteries subjected to subarachnoid hemorrhage. Values are expressed as 
means土 SEat every 20 mmHg. 
するζとがわかる．内圧 lOOmmHgにおける弾性係 査621で用いられている脈波速度（PWV）との聞には血
数を Table2 Iζ示す． クモ膜下出血群の血管壁は 圧 lOOmmHgの時に（PWV)2= C・{j (C：定数）
154. 9 g/mm2と著しく大きい弾性係数を有する． なる関係が成立するので，脈波速度の計測から血管壁
D.血管外径変化率 の stiffnessを容易に知るζとができる．
対照群の血管外径変化率は内圧に大きく依存し，屈 2.β値の加齢および血管部位による変化





160mmHgで最大値 0.36をとり，屈曲点が存在する て頭蓋内外では，特に中年層において動脈の stiffness




N，考 察 向を有して末梢まで伝えると考えられる蜘． ζの高い
最高血圧と脈圧とは脳動脈分岐部の中膜欠損部lζ大き
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Averaged values of wall thickness ratio, T/Ri (A), tangential wall stress, f CB〕and
incremental elastic modulus, Einc (C) at 100 mmHg in“YOUNG”(less than 45 
years of age) and “OLD”（over 45 years〕groups.Single star indicates significant 
difference from the value of“YOUNG”in each arterial site. Double stars mean 























































血管収縮が認められ Fig.7, Fig. 9で示したように，
ζの血管収縮は 180mmHgという高い内圧段階まで
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Schematic diagrams of stress strain curves of the connective tissue, smooth muscle, 










































































































1〕AlksneJF, Smith RW ・ Experimental models 
of ~pasm. Clinical Neurosurg 24：・ 216227, 1978. 
2) Allen GS, Henderson LM, Chou SN, French LA: 
Cerebral arterial spasm. Part 1 In vitro con・ 
tractile activity of vasoactive agents on canine 
basilar and middle cerebral arteries. J Neuro・ 
surg 40 433-441, 1974. 
3) Azuma T, Hasegawa, M : A rheological appro・
ach to the architecture of arterial walls. Japan 
J Physiol 21 27-47, 1971. 
4) Berge! DH The static elastic properties of 
the arterial wall. J Physiol (London) 156 : 445 
-457, 1961. 
5〕BohrD, Goulte PL, Taquin AC : Direct tension 
recording from smooth muscle of resistance 
vessels from various organs. Angiology 12 
478-485, 1961. 
6) Burton AC Physiology and Biophysics of the 
Circulation : An Introductory Text. 2nd ed, 
Chicago, Year Book Medical Publishers, 1972. 
7〕BusbyDE, Burton AC The effect of age on 
the elasticity of the major brain arteries. Can 
J Physiol Pharmacol 43・185202, 1965. 
8) Carew TE, Vaishnav RN, Patel DJ : Compres・ 
sibility of the arterial wall. Circ Res 23 61-
68, 1968. 
9) Cox RH : Mechanics of canine iliac artery 
smooth muscle in vitro. Am J Physiol 230 : 
462-470, 1976. 
10) Cox RH Effects of age on the mechanical 
properties of rat carotid artery. Am J Physiol 
233・H256-H263,1977. 
11) Cox RH : Comparison of carotid artery mecha・ 
nics in the rat, rabbit and dog. Am J Physiol 
234 H280-H288, 1978. 
12) Cox RH : Differnces in mechanics of arterial 
smooth muscle from hindlimb arteries. Am J 
Physiol 235 : H649-H656, 1978. 
13〕DeAraujo LC, Zappulla RA, Yang WC, Hollin 
SA : Angiographic changes to induced hyper・ 
tension in cerebral vasospasm. J Neurosurg 49: 
312-315, 1978. 
14) Dobrin PB Mechanical properties of arteries. 
Physiol Rev 58 397-460, 1978. 
15〕EchlinF : Experimental vasospasm, acute and 
chronic, due to blood in the subarachnoid space. 
J Neurosurg 35 646 656, 1971. 
16) Ferguson GG : Physical factors in the initiation, 
growth, and rupture of human intracranial 
ヒト脳血管のバイオメカニクス的研究 635 
saccular aneurysms. J Neurosurg 37・666-677,
1972. 
17) Fischer GM, Llaurado JG : Collagen and elastin 
content in canine arteries selected from func-
tionally different vascular beds. Circ Res 19 
394 399, 1966. 
18) Gessner FB : Hemodynamic theories of athero-
genesis. Circ Res 33 : 259-266, 1973. 
19) Goto M, Kimoto Y Hysteresis and stress-
relaxation of the blood vessels studied by a 
universal tensile testing instrument. Japan J 
Physiol 15 : 169-184, 1966. 
20）半田肇：脳血管のバイオメカニクス的研究．脳外，





学， 48 567 571, 1978. 
23）林紘三郎，半田肇，森惟明，森竹浩三：パイ
オメカニクスの基礎としての血管壁の力学的性
質．材料， 20 1001-1011, 1971. 
24) Hayashi K, Handa H, Nagasawa S, Okumura 
A, Moritake K : Stiffness and elastic behavior 
of human intracranial and extracranial arteries. 
J Biomechanics 13 : 175-184, 1980. 
25〕HerlihyJT : Helically cut vascular strip prepa-
ration : Geometrical consideration. Am J Phy-
siol 238 H107-H109, 1980. 
26) Hoffman AS, Grande LA _ Sequential enzymo-
lysis of human aorta and resultant stress-strain 
behavior. Biomat Med Dev Art Org 5 : 121 
145, 1977. 
27) Johansson B : Determinations of vascular reac-
tivity. Fed Proc 33 : 121-126, 1974. 
28〕KosnikEJ, Hunt WE ・ Postoperative hyperten-
sion in the management of patients with intra-
cranial arterial aneurysms. J Neurosurg 45 : 
148-154, 1976. 
29) Kuschinsky W, Wahl M : Local chemical and 
neurogenic regulation of cerebral resistance. 
Physiol Rev 58 : 656-689, 1978. 
30) Learoyd BM, Taylor MG : Alterations with age 
in the viscoelastic properties of human arterial 
wall. Circ Res 18 : 278-292, 1966. 
31) Leung DYM, Glagov S, Mathew MB Elastin 
and collagen accumulation in rabbit ascending 
aorta and pulmonary trunk during postnatal 
growth. Correlation of cellular synthetic res-
ponse with medial tension. Circ Res 41 316 
323, 1977. 
32) Locksley HB : Report on the cooperative study 
of intracranial aneurysms and subarachnoid 
hemorrhage. Section 5, Part 1. J Neurosurg 
25 : 219-239, 1966. 
33) Matsuda I, Niimi H, Moritake K, Okumura A, 
Banda H The role of hemodynamic factors 
in the arterial wall thickening in rats. Atheros-
clerosis 29・363-371,1978. 
34) Mark G, Hudetz AG, Kerenyi T, Monos E, 
Kovach AGB : Isthe sclerotic vessel wall really 
more rigid than the normal one? Prog Biochem 
Pharmacol 13 292-297, 1977. 
35) McCloskey DI, Cleary EG : Chemical composi-
tion of the rabbit aorta during development. 
Circ Res 34 : 828 835, 1974. 
36) McDonald DA Blood flow in arteries. Williams 
and Wilkins, Baltimore, 1974. 
37) Mizukami M, Kin H, Araki G, Mihara H, 
Yoshida Y : Is angiographic spasm real spasm? 








血行力学的研究．日外宝 44 108 123, 1975. 
40〕NagasawaS, Handa H, Okumura A, Naruo Y, 
Moritake K, Hayashi K, : Mechanical properties 
of human cerebral arteries. Part 1 : Effects of 
age and vascular smooth muscle activation. 




31 : 919 925, 1979. 
42）長津史朗，鳴尾好人，奥村厚，森竹浩三，林紘三
郎，半田肇：イヌ大腿動脈平滑筋の力学的性質．
脈管学 20: 221 226, 1980. 
43）長津史朗，鳴尾好人，奥村厚，森竹浩三，林紘三
郎，半田肇：イヌ伏在動脈平滑筋の力学的性質．
脈管学 20: 313-320, 1980. 
44) Nakashima T, Tanikawa J : A study of human 
aortic distensibility with relation to atheroscle-
rosis and aging. Angiology 22 477-490, 1971. 
45〕中島輝之，谷川純二，山本秀雄，矢野広志：人大
動脈の硬化と老化．脈管学 1285-91, 1972. 










栓形成，脳外 7 125 130, 1979. 
49〕奥村厚：血管平滑筋の変形特性に関する実験的研
究． 日外宝 46・244-257,1977. 
50）大根田玄寿：脳出血の病理．東京，文光堂，昭49.
51〕ParkJB: Hoffman AS ; Interaction of collagen 
and smooth muscle cells in aortic biomec-
hanics. Annals Biomed Engineering 6 167-
171, 1978. 
52) Remington JW ・ Hysteresis loop behaviour of 
the aorta and other extensible tissues. Am J 
Physiol 180 : 83-95, 1955. 
53) Roach MR, Burton AC : The reason for the 
shape of the distensibility curves of arteries. 
Can J Biochem 35 : 681-690, 1957. 
54) Roy CS : The elastic properties of the arterial 
wall. J Physiol 3 : 125-159, 1880/1882. 
55) Scott S, Ferguson GG, Roach MR : Comparison 
of the elastic properties of human intracranial 
arteries and aneurysms. Can J Physiol Phar-
macol 50 328 332, 1972. 
56) Speden RN, Freckelton DJ Constriction of 
arteries at high transmural pressure. Circ Res 
Suppl 2・99-111,1970. 
57) Stehbens WE : Pathology of the Cerebral Blood 
Vessels. Saint Louis, C. V. Mosby Co., 1972. 
58〕TimoshenkoS, Young DH : Elements of Stre-
ngth of Materials. 5th ed. Princeton, D. Van 
Nostrand, 1968. 
59) Toda N, Ozaki T, Ohta T ; Cerebrovascular 
sensitivity to vasoconstricting agents induced 
by subarachnoid hemorrhage and vasospasm in 
dogs. J Neurosurg 46 : 296 303, 1977. 
60) Wolinsky H Response of the rat aortic media 
to hypertension. Circ Res 26・507-522,1970. 
61) Wolinsky H : Effects of hypertension and its 
reversal on the thoracic aorta of male and 





定罰的評価と病態について．脈管学 18 863-870, 
1978. 
